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Hydrophobic interactions are essential for stabilizing
protein-protein complexes, whose interfaces gen-
erally consist of a central cluster of hot spot residues
surrounded by less important peripheral residues.
According to the O-ring hypothesis, a condition for
high affinity binding is solvent exclusion from in-
teracting residues. This hypothesis predicts that the
hydrophobicity at the center is significantly greater
than at the periphery, which we estimated at 21 cal
mol−1 Å−2. To measure the hydrophobicity at the cen-
ter, structures of an antigen-antibody complex where
a buried phenylalanine was replaced by smaller hy-
drophobic residues were determined. By correlating
structural changes with binding free energies, we es-
timate the hydrophobicity at this central site to be 46
cal mol−1 Å−2, twice that at the periphery. This context
dependence of the hydrophobic effect explains the
clustering of hot spots at interface centers and has
implications for hot spot prediction and the design of
small molecule inhibitors.
Introduction
The ability of proteins to form specific, stable com-
plexes with other proteins is crucial to nearly all cellular
processes, including signal transduction, cytoskeleton
remodeling, and transcriptional control. However, the
basic principles governing protein-protein interactions
have remained elusive and fundamental problems relat-
ing to the recognition process are yet to be solved
(Jones and Thornton, 1996; Bogan and Thorn, 1998; Lo
Conte et al., 1999; Sheinerman et al., 2000; DeLano,
2002; Sundberg and Mariuzza, 2002; Wodak and Janin,
2002; Li et al., 2003a). The current explosion in crystal
structures of therapeutically relevant protein-protein
complexes has created many potential opportunities
for designing small molecule inhibitors of protein-pro-
tein association that bind their targets with high affinity
and specificity. However, this task has proven exceed-
ingly difficult, with the affinities of designed com-
pounds for their target proteins rarely exceeding the
micromolar range (Peczuh and Hamilton, 2000; Too-*Correspondence: mariuzza@carb.nist.govgood, 2002; Erlanson et al., 2004). In contrast, there are
numerous examples of high-affinity, rationally designed
small molecule inhibitors of enzymes and other pro-
teins that bind small ligands. A better understanding of
the energetics of protein-protein interfaces is required
to improve current strategies for developing small
molecule inhibitors of protein-protein association, as
well as to define physicochemical constraints on the
design of such compounds.
Alanine scanning mutagenesis has been used exten-
sively to assess the energetic contribution of individual
residues to protein-protein complex formation. These
studies have shown that only a small subset of contact
residues (hot spots) on both protein surfaces generally
dominates the energetics of the association reaction
(Bogan and Thorn, 1998; Lo Conte et al., 1999). More-
over, a comprehensive analysis of protein-protein rec-
ognition sites involving >2000 alanine mutants has re-
vealed that hot spot residues almost always occur in
clusters at the centers of interfaces, with relatively few
such residues at the edges (Bogan and Thorn, 1998; Lo
Conte et al., 1999). This observation led to the proposal
that a necessary condition for high-affinity binding is
the exclusion of bulk solvent from the interacting resi-
dues (Bogan and Thorn, 1998). In many protein-small
molecule complexes (e.g., enzyme-substrate, MHC-
peptide), solvent exclusion is achieved by burying the
ligand in a deep, often hydrophobic, pocket on the pro-
tein surface. However, such pockets are seldom avail-
able in protein-protein interfaces, which are character-
istically flat (Jones and Thornton, 1996; Wodak and
Janin, 2002). Instead, according to the O-ring hypothe-
sis (Bogan and Thorn, 1998), solvent occlusion from hot
spots is mediated by a surrounding set of energetically
less important contact residues (the O ring) that serves
to create suitable dielectric and solvation conditions for
hot spots. The requirement for a solvent-excluding pe-
rimeter would explain the uneven distribution of in-
teraction energies across interfaces, since there is no
purely structural reason for hot spot residues to localize
to central, rather than peripheral, sites.
The energetic benefit of occluding bulk solvent from
electrostatic and hydrogen bonding interactions is
clear, as these should be strengthened in the presuma-
bly lower dielectric environment prevailing at the inter-
face center (Sheinerman et al., 2000). However, the
energetic benefit, if any, of solvent exclusion from hy-
drophobic interactions is less evident, although some
theoretical models predict that the effective hydropho-
bicity of central residues should be significantly greater
than that of peripheral ones (Sharp et al., 1991a;
Nicholls et al., 1991; Karplus and Sali, 1995). As the
hydrophobic effect has an essential role in stabilizing
protein-protein complexes (Jones and Thornton, 1996;
Bogan and Thorn, 1998; Lo Conte et al., 1999; Wodak
and Janin, 2002; Li et al., 2003a), and probably provides
the driving force for association in most cases, it is im-
portant to establish whether a residue’s hydrophobic
contribution to binding depends on its local environ-
ment or overall position (central or peripheral) in the
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298Figure 1. Binding Energetics and Structure of H63-HEL Complexes
(A) Space-filling model of the surface of H63 in contact with HEL. Residues are color-coded according to the loss of binding free energy upon
alanine substitution (Li et al., 2003b): red, >4 kcal mol−1; yellow, 2–4 kcal mol−1; green, 1–2 kcal mol−1; blue, <1 kcal mol−1. In magenta are
contacting residues in the H63-HEL interface that were not tested by alanine-scanning mutagenesis. VL residues are labeled in white and VH
residues in black.
(B) Ribbon diagram of the H63 VHPhe33-HEL complex. HEL is yellow, the L chain is blue, and the H chain is green. Residues of HEL (red) in
contact with residues of the L (blue) and H (green) chains across the antigen-antibody interface are drawn. CDRs 1–3 of the VL and VH
domains are numbered.interface. To this end, we previously estimated the ef- o
tfective hydrophobicity of a partially buried tryptophan
residue at the periphery of an antigen-antibody inter-
face to be 21 cal mol−1 for the burial of 1 Å2 of apolar R
surface (Sundberg et al., 2000), which is consistent with
estimates of 8–30 cal mol−1 Å−2 for free energies of D
Atransfer of small hydrophobic solutes from aqueous to
hydrophobic solvents (Chothia, 1976; Hermann, 1977; v
iEisenberg and McLachlan, 1986; Ooi et al., 1987). How-
ever, the hydrophobic contribution to binding of a com- b
tpletely buried interface residue has not been eval-
uated experimentally. (
lTo measure the hydrophobic effect at the center of a
protein-protein interface, we used as a model the com- d
fplex between the anti-hen egg white lysozyme (HEL)
antibody H63 and HEL (Li et al., 2000). Crystal struc- i
ttures of H63-HEL complexes in which a buried phenyl-
alanine residue was replaced by a series of smaller hy- f
adrophobic residues were determined to 2.1 Å resolution
or better. By correlating structural changes in these b
mcomplexes with differences in free energy of associa-
tion, after correction for the energetic cost of cavity for- s
fmation, we show that the hydrophobic effect at the
interface center is substantially greater than at the pe- c
Vriphery. This finding provides a biophysical basis for the
marked propensity of energetic hot spots to cluster at d
1the center of interfaces and underscores the challengef designing potent small molecule inhibitors of pro-
ein-protein association.
esults
esign and Affinity of Mutant Antibodies
lanine-scanning mutagenesis of antibody H63 pre-
iously showed that residues most important for bind-
ng HEL are organized in two predominantly hydropho-
ic clusters, one formed by VLAsn32 and VLTyr50, and
he other by VHTyr33, VHTyr50, and VHTrp98 (Figure 1A)
Li et al., 2003b). Both hot spot patches are centrally
ocated, shielded from bulk solvent by peripheral resi-
ues that contribute significantly less to the binding
ree energy. We chose the VHTyr33 hot spot for measur-
ng the hydrophobic contribution to binding because
his aromatic residue is completely buried in the inter-
ace of the wild-type complex (Li et al., 2000). However,
s the hydroxy group of VHTyr33 makes a hydrogen
ond with the main-chain oxygen of HEL Lys97, we first
utated VHTyr33 to phenylalanine in order to obtain a
uitable reference for comparing mutants unable to
orm this bond. As measured by isothermal titration
alorimetry (ITC) (see Experimental Procedures), the
HTyr33 to Phe substitution resulted in only a slight re-
uction in binding constant (Kb), from 2.5 × 108 M−1 to
.9 × 108 M−1, indicating a minor contribution from the
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299VHTyr33 OH-HEL Lys97 O hydrogen bond to complex
stabilization (Gb = 0.1 kcal mol−1). VHPhe33 thereby
served as the reference point in this study, and was
subsequently replaced by other hydrophobic residues
with smaller side chains (leucine, isoleucine, valine, and
alanine) that were expected to decrease the amount of
buried surface area at this position by different
amounts.
Thermodynamic parameters for the interaction of the
H63 mutant series with HEL were determined by ITC
(Figure 2). All four substitutions at position VH33 re-
sulted in decreased affinity compared to VHPhe33, with
reductions in Kb ranging from 20- to 950-fold for VHIle33
(Gb = 1.7 kcal mol−1) and VHAla33 (4.0 kcal mol−1),
respectively (Table 1). The antibodies bound HEL with
relative affinities VHPhe33 > VHIle33 z VHLeu33 >
VHVal33 > VHAla33. All the reactions are enthalpically
driven with an unfavorable entropic component, a
thermodynamic profile characteristic of many protein-
protein interactions (Stites, 1997).
Overview of the Complex Structures
To examine changes in protein conformation and pack-
ing interactions at the mutation site, we determined the
structures of the five H63-HEL complexes to resolu-
tions between 2.0 and 2.1 Å (Table 2). The electron den-
sity maps for the complexes, which are crystallographi-Figure 2. Calorimetric Titration of H63 Anti-
bodies with HEL
(A) Raw data obtained from 34 automatic in-
jections of 2.0 l aliquots of 0.683 mM HEL
solution into 0.013 mM H63 VHPhe33 solu-
tion in PBS (pH 7.2 ± 0.1) at 298 K.
(B) Nonlinear least-squares fit (solid lines) of
the incremental heat per mole of added li-
gand (open squares) for the titration in (A).
(C) Raw data obtained from 55 automatic in-
jections of 1.5 l aliquots of 4.28 mM HEL
solution into 0.058 mM H63 VHAla33 solution
in PBS (pH 7.2 ± 0.1) at 298 K.
(D) Nonlinear least-squares fit (solid lines) of
the incremental heat per mole of added li-
gand (open squares) for the titration in (C).
The plots were generated using Origin.main chain and side chain (alkyl portion only) of HEL
Table 1. Thermodynamic Parameters for the Binding of H63 VHTyr33 Mutants to HEL
VHY33F VHY33L VHY33I VHY33V VHY33A
−Hb (kcal/mol) 20.9 ± 0.1 12.6 ± 0.1 14.0 ± 0.1 12.2 ± 0.1 9.0 ± 0.1
Kb (M−1) 1.9 ± 0.4 × 108 8.2 ± 1.3 × 106 9.1 ± 1.0 × 106 1.4 ± 0.1 × 106 2.0 ± 0.1 × 105
−Gb (kcal/mol)a 11.2 9.4 9.5 8.4 7.2
−TSb (kcal/mol) 9.6 3.2 4.5 3.8 1.8
SAS (Å2) 64 33 28 20 2
Hb (kcal/mol) 0 8.3 6.9 8.7 11.9
Gb (kcal/mol) 0 1.8 1.7 2.8 4.0
(TSb) (kcal/mol) 0 6.4 5.1 5.8 7.8
SAS (Å2) 0 31 36 44 62
aGb = Hb − TSb = −RTln(Kb).cally isomorphous, reveal unambiguous positions for all
interface residues, as shown by simulated annealing
omit maps of the mutation region (Figure 3). In the
VHPhe33-HEL structure (Figure 1B), 21 residues from all
six complementarity-determining regions (CDRs) of the
V domains contact HEL at a site comprising 18 residues
from three separate polypeptide segments of the anti-
gen that form a contiguous patch on its surface. The
total solvent-accessible surface buried in the interface
(SAS) is 1823 Å2, of which 886 Å2 is contributed by
the antibody and 937 Å2 by HEL. The VHPhe33-HEL
structure is essentially identical to those of the other
four complexes, except in the immediate vicinity of the
mutation site, where the large-to-small substitutions
induce varying degrees of conformational change.
Nevertheless, in terms of the overall structure, the
changes are relatively modest: the rms differences in
Cα positions are 0.29, 0.34, 0.25, and 0.32 Å for com-
parisons of VHPhe33-HEL with VHLeu33-HEL, VHIle33-
HEL, VHVal33-HEL, and VHAla33-HEL, respectively.
Structural Consequences of Mutations
In the VHPhe33-HEL structure, the aromatic side chain
of VHPhe33 packs against a predominantly hydropho-
bic, and nearly flat, surface on the antigen molecule
formed by the side chain of HEL Trp63, and both the
Structure
300Table 2. Crystallographic Data Statistics
Y33A/HEL Y33V/HEL Y33L/HEL Y33I/HEL Y33F/HEL
Data Collection
Space group P42212 P42212 P42212 P42212 P42212
Unit cells (Å) a = b = 90.32, c = a = b = 90.17, c = a = b = 90.49, c = a = b = 90.39, c = a = b = 90.40, c =
150.59 150.49 150.87 150.74 150.13
Asymmetric unit 1 Fab Y33A/HEL 1 Fab Y33V/HEL 1 Fab Y33L/HEL 1 Fab Y33I/HEL 1Fab Y33F/HEL
Resolution (Å) 2.10 (2.19–2.10) 2.07 (2.14–2.07) 2.00 (2.07–2.00) 2.10 (2.19–2.10) 2.07 (2.14–2.07)
Observations 304066 382674 529323 245016 504879
Unique reflections 32789 38604 42907 37076 36553
Completeness (%) 86.8 (63.3)a 91.8 (94.4)a 94.8 (71.4)a 90.2 (92.0)a 94.4 (95.0)a
Mean I/σ(I) 14.9 (2.0)a 26.4 (5.2)a 7.8 (2.2)a 7.2 (1.8)a 22.0 (3.6)a
Rsym (%)b 5.3 (33.6)a 4.3 (22.9)a 6.4 (29.5)a 6.1 (28.0)a 4.9 (31.0)a
Refinement
Resolution range (Å) 100–2.10 100–2.07 100–2.00 100–2.10 100–2.07
Rwork (%)b 21.1 21.2 22.7 24.1 20.9
Rfree (%)b 26.7 25.6 26.8 29.3 23.0
Non-hydrogen protein 4240 4248 4249 4245 4244
atoms
Water molecules 433 459 377 345 479
Average B factors (Å2)
Overall 25.3 24.0 32.7 33.9 25.1
V domain 22.6 21.5 30.1 31.2 22.9
C domain 25.2 22.9 31.4 33.4 24.6
Lysozyme 30.2 29.7 39.1 39.3 29.7
Water 32.5 31.6 38.9 37.2 33.4
Rms deviations from ideal
Bonds (Å) 0.006 0.006 0.006 0.006 0.005
Angles (°) 1.4 1.3 1.4 1.4 1.3
a Values in parentheses correspond to the highest resolution shell.
b Rsym= S|(Ihkl − I<hkl>)|/(SIhkl), where I<hkl> is the mean intensity of all reflections equivalent to reflection hkl by symmetry.
Rwork (Rfree) = S||Fo| − |Fc||/S|Fo|; 5% of data were used for Rfree.Lys97 (Figure 4A). Upon complex formation, VHPhe33 e
tis completely buried in the interface, where it contrib-
utes 64 Å2 to the buried surface area and forms a total d
Vof six van der Waals contacts with HEL (Figure 5A). Re-
placement of VHPhe33 by leucine, isoleucine, or valine H
Vresults in the loss of five of these six contacts, whereas
replacement by alanine eliminates all six (Figures 5B– T
i5E). The hydrogen bonding network in the vicinity of
residue VH33, or elsewhere in the interface, is unaf- l
rfected by the mutations. In no case is there evidence
to suggest that ordered water molecules occupy the c
aspace vacated by the VHPhe33 side chain. Thus, de-
creased affinity most likely results from the combina- m
dtion of lost van der Waals contacts and reduced hy-
drophobic interactions at the mutation site. However, t
bthe correlation between number of contacts lost and
Gb is less satisfactory than that between decreases w
in apolar buried surface area upon complex formation
and Gb (see below). For example, substitution of f
mVHPhe33 by leucine, isoleucine, or valine each causes
loss of the same number (five) of van der Waals con- p
ctacts to HEL (Figure 5), whereas Gb for these mu-
tations ranges from 1.7 to 2.8 kcal mol−1 (Table 1). c
tTo further assess the structural consequences of mu-
tations at position VH33, we superposed the VHLeu33- i
VHEL, VHIle33-HEL, VHVal33-HEL, and VHAla33-HEL com-
plexes onto the VHPhe33-HEL reference structure through p
1HEL. Conformational differences are restricted to the
vicinity of the mutation site (Figure 4). Compared with a
sits position in V Phe33, V CDR2 of V Ala33, the low-H H Hst-affinity antibody, is displaced by 1.8 Å in the posi-
ion of the Cα atom of VHTyr53, whose side chain un-
ergoes a 43° rotation. The corresponding shifts in the
HCDR2 loops of VHLeu33-HEL, VHIle33-HEL, and VHVal33-
EL are 1.5 Å, 1.7 Å, and 1.0 Å, respectively; the
HTyr53 side chain rotates by w25° in each complex.
hese movements act to reduce the volume of the cav-
ty created by the large-to-small substitutions (see be-
ow). By contrast, loop VHCDR1, on which residue VH33
esides, and the adjacent VHCDR3 loop, align very
losely, with rmsds in Cα positions of <1.0 Å. On the
ntigen side of the interface, the only significant move-
ents occur at residue HEL Trp63, whose Cα atom is
isplaced by w0.5 Å in the mutant complexes relative
o its position in VHPhe33-HEL (Figure 4). These rigid-
ody movements are concerted with shifts in VHCDR2,
hich contacts HEL Trp63.
The structure of free H63 (VHTyr33) in different crystal
orms (Li et al., 2000) allows an assessment of confor-
ational changes in the mutant antibodies upon com-
lex formation. In the free H63 structures, the main
hain of VHCDR2 displays several conformations, indi-
ating flexibility (Figure 6). Interestingly, the conforma-
ion of this loop is most distorted from those observed
n the free antibody structures in the case of the
HPhe33-HEL (or VHTyr33-HEL [Li et al., 2000]) com-
lex. Thus, VHCDR2 of bound VHPhe33 is displaced by
.6 Å in the position of the Tyr53 Cα atom relative to its
verage position in the free H63 structures; the corre-
ponding shifts in V CDR2 of bound V Leu33, V Ile33,H H H
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301VHVal33, and VHAla33 are 0.6 Å, 0.6 Å, 0.8 Å, and 0.8 Å,
respectively. This suggests that replacement of VHPhe33
by less bulky residues permits VHCDR2 to relax toward
its ground state conformation in the mutant complexes,
which may partially offset the energetic penalty associ-
ated with the loss of van der Waals contacts at the mu-
tation site.
Estimation of the Hydrophobic Effect
at the Interface Center
As a first approximation, the effective hydrophobicity
at the VH33 site may be estimated by directly corre-
lating decreases in binding free energy with losses in
apolar buried surface area upon complex formation
(SASapolar) (Sundberg et al., 2000). In comparing the
five interfaces, it is essential to choose appropriate ac-
cessible surfaces over which to calculate SAS, even if
the structures are isomorphous, as in the present case
(Table 2). Due to systematic errors in the programs used
to calculate SAS values, attempting to determine
small changes in SAS caused by point mutations
within the context of the entire interface, wherein
changes in SAS resulting from the mutations repre-
sent < 5% of total SAS, reduces the accuracy of the
measurements (Sundberg et al., 2000, 2003). Calcula-
tions of this type do closely parallel the results pre-
sented below, although the correlations are not quite as
strong. We therefore calculated SAS for residue VH33
alone: 64 Å2 (phenylalanine), 33 Å2 (leucine), 28 Å2 (iso-
leucine), 20 Å2 (valine), and 2 Å2 (alanine) (Table 1).
These buried surfaces are entirely apolar, since all five
amino acids are hydrophobic. Although no significant
conformational differences are observed in the V CDR1Figure 3. Simulated Annealing Omit Electron Density Maps for the Interface Region around Position VH33 in Mutant H63-HEL Complexes
(A) VHPhe33-HEL. (B) VHLeu33-HEL. (C) VHIle33-HEL. (D) VHVal33-HEL. (E) VHAla33-HEL. The maps were calculated using CNS (Brünger et al.,
1998), where all atoms within a 3.5 Å radius of residue H63 VH33 were omitted from the calculation. Map contours are at 1σ.Hloop on which residue VH33 is located, or in the adja-
cent VHCDR3 loop, VHCDR2 undergoes rearrangements
that could influence SAS calculations (Figure 4). How-
ever, inclusion of VHCDR2, which contributes 126–134
Å2 of apolar buried surface in the different complexes,
did not appreciably affect the differences in SASapolar
upon complex formation between VHPhe33-HEL and
the other complexes (SASapolar). Likewise, on the
HEL side of the interface, we calculated SASapolar for
HEL Trp63 and Lys97, the two antigen residues at the
mutation site showing conformational differences in the
complex structures (Figure 4). As for VHCDR2, inclusion
of HEL Trp63 and Lys97 in buried surface area calcula-
tions did not significantly affect SASapolar. Accord-
ingly, the values of SASapolar used here refer to those
calculated for residue VH33 alone (Table 1).
Differences in the free energy of binding between
VHPhe33-HEL and the other complexes (Gb) corre-
late strongly with SASapolar (Figure 7A). Linear re-
gression analysis for these five data points (including
origin) results in a correlation coefficient (R2) of 0.97.
The slope of this line is 0.064, corresponding to an ap-
parent hydrophobicity at the interface center of 64 cal
mol−1 Å−2, or approximately 3-fold higher than at the
periphery (Sundberg et al., 2000).
However, a major difficulty in interpreting the effects
of large-to-small substitutions at solvent-inaccessible
sites in protein interfaces (or cores) is that such muta-
tions generally create cavities, resulting in loss of shape
complementarity and van der Waals contacts between
the bulky side chain removed and the atoms that form
the walls of the cavity (Eriksson et al., 1992; Xu et al.,
1998). This was not a concern in estimating the hy-
drophobic contribution to binding of a peripheral tryp-
Structure
302Figure 4. Comparison of H63-HEL Complexes in the Vicinity of the VH33 Mutation Site
(A) Superposition of the VHLeu33-HEL complex (antibody is green; antigen is blue) onto the VHPhe33-HEL reference structure (antibody is
brown; antigen is yellow).
(B) Superposition of VHIle33-HEL onto VHPhe33-HEL.
(C) Superposition of VHVal33-HEL onto VHPhe33-HEL.
(D) Superposition of VHAla33-HEL onto VHPhe33-HEL.
Nitrogen and oxygen atoms are blue and red, respectively.tophan in the interface between the anti-HEL antibody i
tD1.3 and HEL because the loss of van der Waals con-
tacts at this solvent-accessible site following mutagen- c
iesis was compensated, at least in part, by rearrangements
in solvent structure that restored shape complementar- e
mity between the interacting surfaces, with minimal changes
in protein structure (Sundberg et al., 2000). By contrast,
csubstitutions at position VH33 in the H63-HEL complex
are accompanied by significant conformational changes s
1in the antibody without the incorporation of internal
water molecules (Figure 4). To the extent that a protein d
cstructure relaxes to avoid cavity formation, additional
van der Waals interactions are generated that recover t
isome of the otherwise lost stabilization energy (Eriks-
son et al., 1992; Xu et al., 1998). In the limiting case where (
Hthe structure adjusts sufficiently to entirely avoid cavity
formation, the energy loss due to a large-to-small re- c
aplacement should correspond to the effective hydro-
phobicity at the mutation site, in the absence of other c
wlarge energy terms. For T4 lysozyme (Eriksson et al.,
1992; Xu et al., 1998), a series of alanine substitutions fn the protein core revealed a strong correlation be-
ween the resulting change in stability of the folded
ompared to the unfolded state (Gunfolding) and the
ncrease in cavity volume (Vcav). On this basis, the
nergetic cost of cavity formation (Gcav) was esti-
ated at 22 cal mol−1 Å−3.
To apply this correction to the H63-HEL structures,
avity volumes were calculated as described for T4 ly-
ozyme (see Experimental Procedures) (Eriksson et al.,
992; Xu et al., 1998; Connolly, 1983). No cavity was
etected at site VH33 in the VHPhe33-HEL reference
omplex (Vcav = 0), indicating close atomic packing at
his interface position. By contrast, the correspond-
ng Vcav values for the other complexes are: 17 Å3
VHLeu33-HEL), 13 Å3 (VHIle33-HEL), 26 Å3 (VHVal33-
EL), and 56 Å3 (VHAla33-HEL). To assess the extent of
avity closure due to the movement of surrounding
toms into the space vacated by the substituted side
hain, we calculated the volume of the cavity that
ould be generated by deleting the appropriate atoms
rom the V Phe33-HEL complex without changing theH
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303Figure 5. Schematic Representations of H63-HEL Reference and Mutant Complexes in the Region of Residue VH33
Van der Waals contacts between residue VH33 and HEL are represented as thick dotted lines; contacts between this residue and adjacent
antibody residues are drawn as thin dotted lines. (A) VHPhe33-HEL. (B) VHLeu33-HEL. (C) VHIle33-HEL. (D) VHVal33-HEL. (E) VHAla33-HEL. No
buried water molecules are observed at the mutation site in any of the interfaces. The hydrogen bonding network in the vicinity of residue
VH33 (not shown), or elsewhere in the interface is unaffected by the mutations.rest of the structure (Vmodel): 15 Å3 (VHLeu33-HEL),
40 Å3 (VHIle33-HEL), 93 Å3 (VHVal33-HEL), and 121 Å3
(VHAla33-HEL). Except in the case of VHLeu33-HEL,
where the sizes of actual and model cavities are indis-
tinguishable, Vcav is considerably less than Vmodel,
with reductions of 32%, 72%, and 54% for VHIle33-
HEL, VHVal33-HEL and VHAla33-HEL, respectively. In all
three structures, cavity closure is almost entirely attrib-
utable to movements in the highly flexible VHCDR2 loop
(Figure 6), which forms a section of the O ring at the
interface periphery (Figure 1A).
The small-to-large substitutions at position VH33 did
not significantly affect other cavities in the H63-HEL
complexes. Thus, the VLVH-HEL portion of the VHPhe33-
HEL structure contains five cavities of volumes 83 Å3,
16 Å3, 20 Å3, 44 Å3, and 13 Å3, of which the first two
are in the interface, the third in VLVH, and the last two
in HEL. The CLCH domains were excluded from the cal-
culations because they are distant from the interface
(Figure 1B). The corresponding five cavities in VHAla33-
HEL measure 78 Å3, 28 Å3, 20 Å3, 41 Å3, and 17 Å3,
whose total volume (177 Å3) is very similar to those in
VHPhe33-HEL (184 Å3). The only additional cavity in the
VHAla33-HEL complex is that formed by the alanine
substitution (56 Å3). Therefore, the Vcav values used
here refer to those calculated for position VH33 alone.
To better estimate the effective hydrophobicity at the
VH33 site, these Vcavs were used to correct experi-
mentally determined Gbs for the energetic cost of
cavity formation (22 cal mol−1 Å−3) (Eriksson et al., 1992;
Xu et al., 1998) according to Gcorr = Gb − Gcav.
As before (Figure 7A), G is linearly correlated tocorrSASapolar (R2 = 0.98) (Figure 7B). However, the slope
of the line is reduced to 0.046, which corresponds to
an effective hydrophobicity at position VH33 of 46 cal
mol−1 Å−2. Even after accounting for cavity formation,
this value is still substantially higher than 21 cal mol−1
Å−2, the estimated hydrophobic effect at peripheral
sites (Sundberg et al., 2000). For the two values to be
equal would require the cost of cavity formation to be
47 cal mol−1 Å−3, or more than twice that reported (Er-
iksson et al., 1992; Xu et al., 1998).
A potentially important energy term, not accounted
for in this analysis, would arise from any conformational
strain introduced in the proteins as they adjust to the
newly formed cavity at the mutation site. Although the
energetic cost of such strain is difficult to assess, struc-
tural rearrangements to reduce cavity volume are
essentially confined to the highly flexible VHCDR2 loop
(Figure 6). Moreover, as noted above, this loop appears
least distorted from its conformation in the free H63
structures in the case of the VHAla33-HEL complex,
which suggests that strain may not be significantly
greater in the structure containing the largest cavity at
site VH33 compared to those having smaller cavities.
Discussion
Context Dependence of the Hydrophobic Effect
Determination of the magnitude of the hydrophobic ef-
fect in macromolecular recognition in general, and a
residue’s hydrophobic contribution to binding in partic-
ular, is critical to improving methods of designing spe-























aFigure 6. Conformational Flexibility of the VHCDR2 Loop of Anti-
rbody H63 in Free and HEL-Bound Structures
dThe V domains of complexed VHPhe33 (red), VHLeu33 (gray),
tVHIle33 (green), VHVal33 (cyan), and VHAla33 (blue) were super-
fposed onto three crystallographically independent structures of
free H63 VHTyr33 (yellow) (Li et al., 2000). f
t
bteraction targets. Our figure of 46 cal mol−1 for the burial
(of 1 Å2 of apolar surface at a solvent-inaccessible site
in a protein-protein interface is significantly greater
athan estimates of 8–30 cal mol−1 Å−2 for free energies
bof transfer of small hydrophobic solutes from aqueous
sto hydrophobic solvents (Chothia, 1976; Hermann,
f
1977; Eisenberg and McLachlan, 1986; Ooi et al., 1987),
w
as well as our estimate for the effective hydrophobicity
o
at solvent-accessible sites (Sundberg et al., 2000).
t
However, it is remarkably similar to theoretical values b
of 43–47 cal mol−1 Å−2 for the hydrophobic effect that r
take into account solute-solvent size differences in hy- d
drocarbon solubility models (Chothia, 1976; Hermann, h
1977; Sharp et al., 1991a, 1991b; DeYoung and Dill, m
1990). It also agrees with some, but not all, estimates m
of the hydrophobic effect in protein cores derived by 2
measuring the change in stability of the folded com- m
pared to the unfolded state upon mutation of core resi- f
dues (Eriksson et al., 1992; Xu et al., 1998; Kellis et al., a
1989; Shortle et al., 1990; Takano et al., 1995, 1997; u
Buckle et al., 1996; Jackson et al., 1993; Ratnaparkhi p
and Varadarajan, 2000; Vlassi et al., 1999). d
We propose that these seemingly contradictory re-
sults reveal the importance of local environment and v
position in determining the hydrophobic contribution of u
individual residues to complex stabilization, such that a
there is not a single value for the strength of hydropho- w
bic interactions in protein-protein interfaces (or protein e
cores), but rather a range of values. Indeed, the prin- c
ciple of context dependence is well established for hy- u
drogen bonding and electrostatic interactions (Sheiner- g
man et al., 2000). Unlike the organic solvents used in a
model experiments (Eisenberg and McLachlan, 1986; a
cOoi et al., 1987), protein surfaces exhibit considerablehemical heterogeneity. As a result, buried surface area
s, by itself, an insufficient indicator of a particular resi-
ue’s importance in binding. Thus, our value of 21 cal
ol−1 Å−2 for the effective hydrophobicity of a periph-
ral tryptophan in the D1.3-HEL complex, although
robably valid for other hydrophobic residues that pack
gainst predominantly hydrophobic surfaces, appears
o be considerably less for hydrophobic residues that
ack against mainly polar surfaces (Sundberg et al.,
000). Similar considerations likely apply to central res-
dues.
Here we have shown that location in the interface is
nother critical parameter in determining a residue’s
ydrophobic contribution to binding, as predicted by
he O-ring hypothesis (Bogan and Thorn, 1998). Al-
hough the physical basis for this effect remains to be
efined, at least two possibilities exist. Simulations of
rotein unfolding indicate that solvation of hydrophobic
esidues is critical to the unfolding process (Karplus
nd Sali, 1995), suggesting that solvent exclusion by
he O ring may retard the attack of water molecules on
ydrophobic residues in hot spots, thereby increasing
ffinity by slowing dissociation. Alternatively, a geomet-
ic model for the curvature dependence of the hy-
rophobic effect in protein-protein complexes was used
o identify two distinct contributions to binding, one
rom residues completely buried in the center and one
rom partially buried residues at the periphery, such that
he effective hydrophobicity of central residues should
e significantly greater than that of peripheral ones
Sharp et al., 1991a; Nicholls et al., 1991).
Variations in the size, shape, amino acid character,
nd solvent content of protein-protein interfaces proba-
ly explain conflicting observations associated with hot
pots, with the result that it is generally not possible
rom examining contacts in crystal structures to identify
hich residues are most important for binding. More-
ver, no simple correlation has been observed between
he relative contribution of individual residues to the
inding energetics and the buried surface area of these
esidues in the protein-protein complexes surveyed to
ate (Bogan and Thorn, 1998). Although much progress
as recently been made in developing computational
ethods for predicting hot spots (Massova and Koll-
an, 1999; Kortemme and Baker, 2002; Guerois et al.,
002), the errors in predicted free energy changes upon
utation remain relatively large, w1 kcal mol−1. Our
indings, which help explain the clustering of hot spots
t interface centers, suggest that the physical models
nderlying these theoretical methods could be im-
roved by accounting for the apparent context depen-
ence of the hydrophobic effect.
All antibody mutants in this study display much larger
alues of Hb than Gb for binding to HEL (Table 1),
nlike certain protein-protein interaction systems, such
s alanine-substituted Ras/effector complexes, for
hich these parameters have similar magnitudes (Kiel
t al., 2004). Binding free energies and free energy de-
ompositions for Ras/effector complexes calculated
sing two different theoretical approaches showed
ood agreement with experimental values (Gohlke et
l., 2003; Kiel et al., 2004). It would be of interest to
pply these computational methods to the H63-HEL
omplexes described here, whose crystal structures
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305Figure 7. Correlations between Gb and Changes in Accessible Surface Areas between the VHPhe33-HEL and the Mutant Complexes
The best-fit line from least-squares regression analysis between Gb and the changes in SASapolar are drawn using Gb values before
(A) and after (B) correction for the energetic cost of cavity formation (Gcorr= Gb − Gcav).and thermodynamic binding parameters are now
available.
Implications for Inhibitor Design
With the discovery that most of the binding free energy
for protein-protein association usually derives from a
small subset of contact residues came the expectation
that small molecule mimics of these hot spots might
suffice to inhibit complex formation (Clackson and
Wells, 1995). However, the affinities attained by such
inhibitors generally do not exceed the micromolar
range, much weaker than the nanomolar affinities of the
protein-protein complexes being targeted (Peczuh and
Hamilton, 2000; Toogood, 2002; Erlanson et al., 2004).
The most effective small molecule inhibitors appear to
be ones that bind to well defined clefts or grooves,
which unfortunately are rare in protein-protein inter-
faces (Jones and Thornton, 1996; Lo Conte et al., 1999;
Wodak and Janin, 2003). An elegant strategy to poten-
tially circumvent this limitation involves the empirical
identification of organic compounds that bury into
grooves not seen in the free protein structure (Arkin et
al., 2003). However, the energetic cost of distorting
these adaptive regions from their ground state confor-
mation may ultimately restrict the affinities that can be
achieved.
An alternative approach to inhibitor design is based
on the observation that the great majority of protein-
protein interfaces are larger than 1000 Å2 (Lo Conte et
al., 1999). This value may represent the minimum area
required to shield part of the interface from solvent, cre-
ating a central region where electrostatic and hy-
drophobic interactions are magnified compared to the
periphery (Bogan and Thorn, 1998; Peczuh and Hamil-
ton, 2000). Thus, molecules comprising a hydrophobic
core surrounded by charged substituents have been
synthesized that display sub-nanomolar affinities for
cytochrome c (Hamuro et al., 1997; Park et al., 1999;
Aya and Hamilton, 2003). Importantly, these com-
pounds were designed to bury surface areas in excess
of 600 Å2. These results, and the ones presented here,
suggest that a general solution to the problem of pro-
tein surface recognition, if one exists, will involve mole-
cules with large enough surfaces to form a water-tight
seal around a central core of interface residues, therebygenerating favorable solvation conditions for hot spots
of binding free energy.
Experimental Procedures
Mutagenesis and Expression of Fab Fragments
DNA fragments encoding the VLCL and VHCH1 chains of antibody
H63 (Li et al., 2000) were generated by PCR and restricted with
NdeI-SacI and NdeI-HindIII, respectively, for independent insertion
into expression vector pET-22b (Novagen). Mutagenesis of VH resi-
due Tyr33 was carried out by overlap PCR. Mutagenic oligonucleo-
tides were designed to replace the VHTyr33 wild-type codon (TAT)
with that for alanine (GCC), valine (GTC), leucine (CTC), isoleucine
(ATC), and phenylalanine (TTC).
For protein expression, Escherichia coli BL21(DE3) cells were
separately transformed with plasmids pET-22b-VLCL and pET-22b-
VHCH1. Precultures (10 mL) were grown at 30°C overnight in Luria-
Bertani medium (LB) containing 80 g/mL ampicillin. These pre-
cultures were then used to inoculate 500 ml of LB with the same
antibiotic concentration. The bacteria were grown at 37°C to an
absorbance of 0.6–0.8 at 600 nm, and isopropyl β-D-thiogalacto-
side was added to a final concentration of 1 mM. After further incu-
bation for 3 hr, the bacteria were harvested by centrifugation. The
cell pellets were resuspended in 1/10 culture volume of 50 mM Tris-
HCl (pH 8.0), 2 mM EDTA and 1% (v/v) Triton X-100; cells were
disrupted by sonication. Inclusion bodies were washed three times
with 50 mM Tris-HCl (pH 8.0), 2 mM EDTA and 1% (v/v) Triton
X-100, and once with the same buffer without Triton X-100, then
solubilized in 50 mM Tris-HCl (pH 8.0), 6 M guanidine-HCl, 2 mM
EDTA, and 10 mM DTT at 4°C.
For in vitro folding, the VLCL and VHCH1 chains were mixed in a
1:1 molar ratio and diluted into 50 mM Tris-HCl (pH 8.0), 2 mM
EDTA, 0.4 M L-arginine, 3 mM reduced glutathione, and 0.9 mM
oxidized glutathione at a final protein concentration of 60 mg/L, as
for wild-type Fab H63 (Li et al., 2000). After 96 hr at 4°C, the folding
mixture was concentrated 10-fold, dialyzed against 50 mM MES
(pH 6.0), and centrifuged to remove aggregates. Following dialysis
against 50 mM Tris-HCl (pH 8.5), the sample was applied to a
POROS 20 HQ (PerSeptive Biosystems) anion exchange FPLC col-
umn equilibrated with the same buffer; Fab was eluted using a lin-
ear NaCl gradient.
Measurement of Thermodynamic Binding Parameters
The thermodynamic parameters for the binding of Fab H63 VHTry33
mutants to HEL were determined by ITC using a MicroCal VP-ITC
titration microcalorimeter (MicroCal). Purified H63 mutants and HEL
(Boehringer Mannheim) were exhaustively dialyzed against PBS. In
a typical experiment, 1.5–3.0 l aliquots of 0.68–4.28 mM HEL were
injected from a 250 l rotating syringe at 310 rpm into the sample
cell containing 1.8 ml 0.013–0.058 mM Fab. For each titration ex-
periment, an identical buffer dilution correction was conducted and
the resulting heats of dilution were subtracted from the corre-
Structure
306sponding binding experiment. A computerized nonlinear least c
Hsquare fitting method was used to determine the change in en-
thalpy (Hb), the equilibrium association constant (Kb), and the mo-
lar stoichiometry (n). Reversible equilibrium thermodynamics was R
assumed in calculating values of the change in free energy, Gb, R
from the relationship Gb = −RTlnKb. The change in entropy, Sb, A
was calculated from Gb = Hb − TSb. Data acquisition and analy- P
sis were performed using the software package Origin provided by
the manufacturer. R
ACrystallography
JAll five mutant Fab H63-HEL complexes crystallized at room tem-
(perature in hanging drops from mixtures containing a 1.2:1 molar
iratio of antibody to antigen at total protein concentrations of 5–10
mg/ml. Crystallization conditions were as follows: 9% (w/v) PEG A
8000, 0.2 magnesium acetate, and 0.1 M sodium acetate (pH 4.6) r
for VHY33A-HEL; 14% (w/v) PEG 4000, 0.2 M ammonium acetate, h
and 0.1 M sodium acetate (pH 4.8) for VHY33V-HEL; 12% (w/v) PEG B
8000, 0.2 M magnesium acetate, and 0.1 M sodium acetate (pH 4.5) t
for VHY33L-HEL; 15% PEG 4000, 0.2 M magnesium acetate, and
B0.1 M sodium acetate (pH 4.5) for VHY33I-HEL; and 10% PEG 4000,
K0.2 M ammonium acetate, and 0.1 M sodium acetate (pH4.6) for
RVHY33F-HEL.
sX-ray diffraction data were collected in-house at 100 K using a
C345 mm MarResearch Image Plate detector for the VHAla33,
BVHVal33, and VHPhe33 complexes and a Siemens HI-STAR area de-
etector for the VHLeu33 and VHIle33 complexes. In each case, crys-
otals were washed several times with mother liquor and then trans-
oferred to a cryoprotectant solution (mother liquor containing 20%
[v/v] glycerol) prior to flash cooling in a nitrogen stream. Diffraction C
data from the MarResearch and Siemens detectors were pro- C
cessed and scaled using DENZO/SCALEPACK (Otwinowski and D
Minor, 1997) and CrystalClear (Pflugrath, 1999), respectively. Data C
collection statistics are summarized in Table 2. f
All the Fab H63-HEL mutant complexes crystallized isomor-
C
phously with the wild-type complex (Li et al., 2000) in space group
i
P42212 with very similar cell dimensions. The wild-type H63-HEL
Ccomplex (PDB accession code 1DQM), with all water molecules
ndeleted, was used as a model for rigid-body refinement of the mu-
Dtants. Refinement was carried out using CNS (Brünger et al., 1998),
pincluding modeling the mutation into the electron density, simu-
lated annealing refinement, iterative cycles of positional refine- D
ment, temperature factor (B) refinement, and model building of pro- i
tein residues and ordered solvent molecules into Fo − Fc and 2Fo − 8
Fc electron density maps using TURBO-FRODO (Roussel and Cam- E
billau, 1989). An electron density difference peak was modeled as t
a water if it was higher than 3.5σ, made contact with at least one
Epotential hydrogen bond donor or acceptor within 2.4–3.4 Å, and
Bhad a B factor lower than 60 Å2. Refinement statistics for the five
smutant complexes are summarized in Table 2.
d
ECalculation of Accessible Surface Areas and Cavity Volumes b
Changes in accessible surface areas were calculated using AREAI-
GMOL and DIFFAREA from the CCP4 suite (CCP4, 1994) with a probe
pradius of 1.4 Å. In Table 1, SAS is the difference between SAS
dfor residue VHPhe33 and SAS for each of the mutations. Cavity
Mvolumes were calculated using the program MSROLL from the MS





tAtomic coordinates and structure factors for the VHPhe33-HEL,
HVHLeu33-HEL, VHIle33-HEL, VHVal33-HEL, and VHAla33-HEL com-
pplexes have been deposited in the Protein Data Bank with acces-
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